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Summary
Thirty-six Landrace x Large White cross boars were selected from litters with either high or low estimated breeding values for 150-d paired testis weight. Blood samples were taken via jugular venipuncture at eight ages (42, 56, 70, 84, 98, 112, 126 and 140 d) . At each sampling age, nine blood samples were taken at 30-min intervals. Luteinizing hormone (LH) was determined on the individual serum samples. Serum samples from each boar at each age were pooled and concentrations of follicle-stimulating hormone (FSH), estradiol-17/~ (E2) and testosterone (T) were determined. Paired testis width, testis length and body weight were measured at 98, 112, 126 and 140 d of age. Backfat probe, weights of excised testes and histological data on testes were obtained at 140 d of age. Boars with high testis weight (HTW) were heavier (P<.05), had higher adjusted backfat probes (P<.01) and had consistently larger in situ testis measurements (P<.01) than did low testis weight (LTW) boars. Boars with HTW had heavier (P<.01) testes and epididymides at 140 d of age. They also -had a higher percentage of seminiferous tubules in which spermatogenesis was present (P<.05), a larger percentage of tubules with a lumen (P<.05) and tubules had a larger mean diameter (P<.01) than did those of boars with LTW. Adjustment of in situ testis measurements and excised testis weights for body weight reduced line differences by less than 20%. A rise in LH concentrations occurred at approximately 100 d of age. Boars with HTW had higher (P<.05) and more variable (P<.01) LH concentrations than did boars with LTW. Boars with HTW also had higher maximum concentrations of LH during the pubertal rise (P<.01) and these concentrations tended to reach maximum levels at younger ages. Concentrations of T increased in a fashion that was nearly linear with age (P<.01) and tended to be higher for the boars with HTW (P<.10). Concentrations of E2 changed little from 42 to 84 d of age but increased steadily thereafter. Boars with HTW had a more rapid increase in E 2 concentrations than did boars with LTW (P<.05).
Concentrations of T and E2 were similar for boars of the HTW and LTW groups after adjustment to a constant testis size. The results suggest that testis size will respond to selection in swine and that genetic changes in testis size are associated with changes in LH concentrations.
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I ntroduotion
Improved reproductive efficiency will increase overall efficiency of swine production. However, reproductive traits have low heritabilities and response to selection is expected to be slow. Rate of response to selection could be improved if a moderate to highly heritable trait of the boar could be used as an indicator of the reproductive efficiency of genetically related females. Land (1973) has suggested that testis size may fill this role.
A positive relationship between testis size and ovulation rate has been found in mice (Land, 1973; Islam et al., 1976; Joakimsen and Baker, 1977), sheep (Carr and Hanrahan and Quirke, 1977) and swine (Schinckel et al., 1983) . Heritabilities of intact testis dimensions and excised testis weight of boars have been estimated to be .58 and .77, respectively (Legauh et al., 1980) . Islam et al. 675 JOURNAL OF ANIMAL SCIENCE, Vol. 58, No. 3, 1984 (1976 found a realized heritability of .52 for testis weight in mice and Land and Lee (1976) reported a realized heritability of .4 for testis size in rams.
Gonads of both sexes have similar hormonal control systems. Testicular development, spermatogenesis and steroid production in the male are controlled by follicle-stimulating hormone (FSH) and luteinizing hormone (LH); hormones that have parallel roles in controlling ovarian function. Evidence suggests that the same autosomal genes control these hormones in both sexes. Male and female mice from a line selected for high induced ovulation rate had increased gonadal sensitivity to FSH (Wolfe et al., 1981) . Ewes and rams of the Finnish Landrace breed were less sensitive to negative feedback of steroids and had earlier pubertal releases of LH than did those of other, less prolific breeds (Land and Carr, 1975 ; Land and Lee, 1976) .
Selection for testis size may alter endocrine systems such that reproductive performance will be improved. The objective of this study was to characterize testicular development and hormone concentrations of boars selected for either high or low testis size.
Materials and Methods
Thirty-six boars from the F 3 generation of a Landrace x Large White composite population were selected from litters with either high or low estimated breeding values for 150-d paired testis weight. From a total of 128 litters, 20 boars were chosen from the eight litters that had the highest estimated breeding value and 16 boars were chosen from the seven litters that had the lowest estimated breeding value. Testis weight was assumed to have a heritability of .5 and breeding values were estimated from records on the sire, the sire of the dam and two males that were full-sibs to the dam (Lush, 1948 Testis weight (TW) of male ancestors was predicted from measurements of in situ paired testis width (TWH) and testis length (TL) made at 140 and 160 d of age. The prediction equation used was: TW, g = -508.3 + 12.5 (TWIll40) + 20 (TL140) + 16 (TWIll60) + 32 (TL160). The calculated multiple correlation between predicted TW and the average testis weight at 140 and 160 d was .92.
Boars were born in two groups that were approximately 2 wk apart. They were weaned at 4 wk of age and placed in a nursery. At approximately 10 wk of age, boars were moved to a modified-open-front (MOF) finishing unit and penned in groups of nine. They were exposed to continuous lighting in the nursery and to natural October to December daylight in the MOF unit. Ad libitum feeding was practiced.
Blood samples were taken via jugular venipuncture at 42, 56, 70, 84, 98, 112, 126 and 140 d of age. At each age, nine blood samples/ boar were taken at approximately 30-min intervals. Blood samples were allowed to clot for approximately 24 h at 4 C and then were centrifuged at 2000 • g for 30 min. The serum fraction was decanted and stored at -20 C. Luteinizing hormone was quantified for individual samples. A composite was made from the samples that were collected each day from each boar. Testosterone (T), estradiol-173 (E2)and FSH concentrations were quantified on the pooled samples.
Concentrations of serum LH were determined in duplicate 300-/al aliquots by a double antibody radioimmunoassay (RIA) described by Niswender et al. (1970) . Purified LH (LER-786-3) 4 was used as a standard and for iodination. The LH was labeled by the chloramine T method (Greenwood et al., 1963) and isolated by column chromatography. Anti-porcine LH (no. 566) s was utilized as the first antibody. Intra-and interassay coefficients of variation averaged 5.5 and 6.5%, respectively.
Concentrations of serum FSH were determined in duplicate 250-#1 samples by the procedures of Bolt et al. (1981) . Anti-porcine FSH (USDA-10-1010) 6 was utilized as the first antibody and a second antibody was utilized to separate bound from free hormone. Purified FSH for iodination and standards was USDA-FSH-PPI 6. Duplicate assays of 125, 250 and 500 #1 were parallel to the standard curve. First samples were estimated to contain 1,400, 1,184 and 1,359 pg/ml and second samples were estimated to contain 1,637, 1,316 and 1,114 pg/ml, respectively. Intra-and interassay coefficients of variation were 4.8 and 9.1%, respectively. Serum E2 concentrations were determined using the procedures described by Britt et al. (1974) with double antibody separation of bound and free estradiol. The E2 antisera (Lilly no. 22673) 7. specificity has been reported by Kesler et al. (1977) . Recovery of added [3H] E2 averaged 89% and sample values were corrected for procedural loss. Duplicate 500-/al pooled serum samples were extracted with 4 ml dimethylene chloride. Recovery of added mass (10, 25, 50 and 75 pg estradiol) from 500/al of porcine plasma (ovariectomized gilt, 4.2 pg/ml estradiol) was 106 + 2%. Assay determinations of 300, 500,800, 1,000 and 1,400/al of sample volume were parallel to the standard curve and contained 56.5, 57.3, 55.2, 53.3 and 52.0 pg E2/ml, respectively. Intra-and interassay coefficients of variation were 5.5 and 5.8%, respectively.
Concentrations of T were determined in duplicate 100-#1 aliquots of serum by double antibody RIA as described by Kiser et al. (1978) utilizing a rabbit antiserum (MSU no. 74) 8 prepared against testosterone-3-oximehuman serum albumin. Recovery of testosterone from the samples with 2 ml of benzene-hexane averaged 89% and estimates were corrected for procedural loss. Standard curves for T 9 ranged from 37.5 to 2,400 pg/tube. Recovery of added mass (125, 250 and 625 pg testosterone from 100 /al of serum averaged 85 +-3%. Assay determinations of 25 and 50/~1 of sample from each of four independent samples were highly correlated (r = .99). Intra-and interassay coefficients of variation were 6.8 and 5.9%, respectively.
Measurements of TWH, TL and body weight were taken at 98, 112, 126 and 140 d of age. Backfat probe was measured at 140 d of age and adjusted using body weight as a covariable. The boars were anesthetized with sodium thiamyl and castrated. The testes were wrapped 7Rabbit antiserum (Lilly no. 22673) against estradiol-6-BSA was kindly furnished by Dr. Norman Mason, Eli Lilly Co., Greenfield, IN.
s Rabbit antiserum (MSU no. 74) was kindly provided by Dr. E. M. Convey, Dept. of Anim. Sci., Michigan State Univ., East Lansing.
9Sigma Chemical Co., St. Louis, MO.
in plastic bags and placed on ice until weights were determined (2 to 4 h). Individual testis and epididymis weights from each side of each boar were added together for analyses. Immediately after the testes were weighed, two wedges of tissue were taken from the left testis of each boar. The tissue samples were fixed for 24 h in Bouins solution and then transferred to 70% ethanol. Fixed tissues were embedded in paraffin wax, and 5-/~m sections were stained with hematoxylineosin. Mean seminiferous tubule diameter was calculated from the measurement of 40 round tubules/boar (20 tubules/tissue sample). The percentage of tubules with a lumen and with active spermatogenesis (presence of spermatids) was estimated from the evaluation of 100 tubules/boar (50 tubules/tissue sample).
Statistical analyses were performed by general linear models procedures (SAS, 1979) . In situ testis measurements (width and length) and hormone concentrations iT, E2, FSH and LH (mean of nine samples/d)] were fitted to a model that included the effects of line (L), farrowing group (F), L x F, boar within L x F, age (A), A x L and A x F. Litter within L x F was not significant in initial analyses and .was deleted. Degrees of freedom and sums of squares for age effects were partitioned into linear, quadratic, cubic and lack of fit. Interactions of age with line and farrowing group were partitioned similarly. Line and farrowing group effects were tested with the boar within L • F mean square. The effects of A, A x L and A x F were tested with the residual mean square.
Hormone concentrations, but not testis measurements, were fitted to periodic regressions (Bliss, 1970) . These models included the effects of L, F, L • F, boar within L x Fplus the regressions on the first to third order Fourier terms. First order terms were cosin (2rrt/8) and sin (2rrt/8), second order terms were cosin (2rtt/4) and sin (2rtt/4) and third order terms were cosin (2~rt/2.67) and sin (2rrt/2.67). First order terms fit single phase cosin and sin curves over the eighth measurement ages. Second order terms evaluate the biphasic cosin and sin curves and third order terms evaluate the triphasic curves. The value of t is: (age at sampling -42)/14. This represents the order number (0, 1, 2 .... 7) for a particular age. For each hormone, models were constructed to test the interaction of regression coefficients with L and F.
The fit of the data for each hormone to the general linear model and to the periodic regression model was.compared. The periodic regression analysis gave the best fit (R 2 = .67 vs R 2 = .41) for LH concentration only. For LH concentration, regressions on third order terms and on the second order sin term were not significant. Interactions of regression coefficients • boar within line-farrowing group were significant for both first order Fourier terms, but regressions on the second order cosin term did not interact with other effects. Thus, the final model for LH included the effects of L, F, L • F, boar within L x F, the within boar regressions on first order Fourier terms and the pooled regression on the second order cosin term. This model was used to plot the LH response over age and to generate a unique response curve for each boar. The maximum LH concentration and the age at maximum concentration were calculated for each boar. These were treated as new variables and fitted to a model that included the effects ofL, FandL• F. Tests for homogeneity of variance found that the variance of concentrations of all hormones were heterogeneous across ages, but were homogeneous across lines within ages. Thus, least-squares means were generated, and lines compared, from within age analyses of hormone concentrations. The model included the effects of L, F and L x F.
Differences in testicular development could be partially due to differences in body weight. To evaluate this possibility, 140-d measurements of TWH, TL, epididymis weight, TW and backfat probe were fitted to a model that included the effects of L, F, L • F and the pooled regression on body weight. Testis width and TL data from each age were also fitted to a model that included the effects of L, F, L x F, boar within L • F and the pooled within boar linear and quadratic regressions on body weight.
To evaluate line differences for steroid production relative to testis size, concentrations of E2 and T at 98, 112, 126, and 140 d of age were fitted to a model that included the effects of L, F, L x F and the pooled regressions on TWH and TL. In addition, T and E2 concentrations at 140 d were fitted to a model including the effects of L, F, L x F and the pooled regression on TW.
Statistics to evaluate the variance of within boar and day LH samples were also examined. The distribution of within boar-age LH concentrations was not significantly different from a normal distribution (Kolomogorov D Statistic, SAS, 1979) . Thus, the pooled within boar-age sample variance is deemed to be a valid measure of the dispersion of samples for each boar. Homogeneity of the pooled within line variances was tested with an F test of the ratio of variances.
Number of LH peaks exhibited by each boar was also estimated. A peak was defined as a sample whose lower 66% confidence limit was significantly higher than the upper 66% confidence limit for the immediately preceding and subsequent samples. The probability of determining a peak, when in fact the three samples have the same mean, is less than .005. The number of LH peaks was fitted to a model including the effects of L, F and L x F.
Results
Farrowing group was a significant source of variation for most of the traits studied. Boars of the second farrowing group grew more slowly, had smaller testis measurements and had lower hormone concentrations than did boars of the first farrowing group. The interaction of farrowing group • line was significant for only a few of the traits. These interactions were always a change in magnitude of differences and not a change in rank.
Least-squares means for body weight, backfat probe and in situ testis measurements are presented in table 1. Boars with HTW were heavier (P<.05) than boars with LTW from 98 to 140 d of age. They also had higher (P<.01) adjusted backfat probes and in situ testis measurements. The advantage for boars with HTW for both TWH and TL was about 1 cm at each age. After adjustment for body weight using the between boar regressions at each age, the in situ testis measurements were from .8 to .9 cm higher for boars with HTW. Adjustment of in situ testis measurements to the overall mean body weight (52.5 kg)using the pooled within boar regressions resulted in .53 and .57 cm larger TWH and TL measurements, respectively, for boars with HTW.
Least-squares means for 140-d excised testis traits are presented in table 2. Boars with HTW had heavier testes and epididymides (P<.01) than did boars with LTW. Adjustment for body weight reduced the line differences in testis and epididymis weight only slightly. Boars with HTW had a larger percentage of tubules in which spermatogenesis was present, a larger bAge at maximum is the mean age at which boars achieved maximum predicted concentrations.
CNumber of peaks is the mean number of peaks detected for each boar from 42 to 140 d of age. Least-squares means for T concentrations are presented in table 5 and the response curve is in figure 3 . There was a cubic increase in serum T concentrations with age and T concentrations tended to be higher (P<.10) for boars with HTW than for boars with LTW.
Least-squares means for E2 are presented in table 6 and the corresponding response curve is presented in figure 4 . There was a cubic increase in E2 concentrations with age. Overall, E2 concentrations were (P<.01) higher for boars with HTW and differences between boars with HTW and LTW were larger at older ages. Least-squares means for T and E2 concentrations adjusted for either testis width and length or excised testis weight are presented in table 7. After adjustment to a constant testis size, T concentrations for boars with HTW were slightly lower at 98 to 126 d of age but were greater at 140 d than T concentrations for boars with LTW. When adjusted to a constant testis size, E2 concentrations were not significantly different between boars with HTW and LTW.
Discussion
Testis size responded to selection pressure. The observed TW difference between boars with HTW and LTW (67.2 g at 140 d) was close to the predicted difference (64.0 g at 150 d) assuming a heritability of .5. Other researchers have also found testis size to be a moderately heritable trait in swine (Legault et al., 1980) , mice (Islam et al., 1976) , sheep (Land and Lee, 1976) and cattle (Coulter et al., 1976) .
The consistent advantage in testis width and length at ages from 98 to 140 d for boars with HTW suggests that the line differences in testis size are better explained by a shift in the testis growth curve than by a change in the shape of the curve. No attempt was made to investigate the relationship of testis size and age of initiation of pubertal development. However, it seems likely that selection for increased testis size may have reduced the age at which pubertal development was initiated. No data were collected beyond 140 d of age and the results do not rule out the possibility that mature testis size and spermatogenic activity of LTW boars could equal that of HTW boars.
The majority of the differences in testis size between boars with HTW and LTW were independent of body weight. Adjusting either the in situ measurements or excised testis weights for body weight at a constant age reduced differences by less than 20%. Adjustment of the TWH and TL measurements by within boar regressions on body weight suggest that about 42% of the differences were related to weight.
Boars with HTW had higher backfat probes than did boars with LTW. Other researchers have also found a similar relationship between measures of body composition and testicular development. Selection for increased lean growth rate in swine reduced testis weights and delayed sexual maturation when measured from 120 to 160 d of age (Schinckel et al., 1983 ). Selection for efficiency of lean growth in rats decreased testis weight at 85 d of age (Allrich et al., 1981) . Although Andresen (1976) did not record testis weights, higher levels of 5a-androstenone and testosterone were found in the systemic plasma of boars selected for fatness and low rate of gain than in boars selected for low backfat thickness and high rate of gain. These results suggest a relationship between carcass and sexual maturation. One current theory is that mammals must reach a particular ratio of fat to lean or body fat to weight before normal sexual maturation occurs (Frish, 1980) . Selection for testis size may have changed endocrine function such that boars with HTW I = L~ ~ MMipl ~ AGE 9 Figure 3 . Mean (squares and circles) serum concentrations of testosterone (T) and response predicted at each age by regression analysis (solid and broken lines ) for boars with high and low testis weight.
were less sensitive to the suppressive effects of gonadal steroids or that the testes of boars with HTW were producing less steroid relative to testis size. Boars with HTW had higher LH concentrations while maintaining higher levels of E2 than boars with LTW. They also had Figure 4 . Mean (squares and circles) serum concentration of estradiol-17~] (E 2) and response predicted at each age by regression analysis (solid and broken lines) for boars with high and low testis weight.
higher predicted maximum LH concentrations and tended to reach their maximum pubertal levels at younger ages. These results suggest the possibility that boars with HTW were less sensitive to negative feedback than boars with LTW.
After adjustment for differences in testis size, T concentrations of boars with HTW were slightly lower at 98 to 126 d of age. However, T concentrations at 140 d and overall E 2 concentrations did not follow this trend.
Serum FSH concentrations for boars with HTW and LTW were not significantly different at any age. Follicle-stimulating hormone has a major role in female reprodution. There are a number of studies with mice in which changes from genetic selection for ovulation rate or litter size have been attributed to changes in circulating FSH levels or to changes in ovarian sensitivity to FSH (Bindon and Pennycuik, 1974; Wolfe et al., 1981) . In the study reported herein, changes in testis size from genetic selection occurred without evident changes in serum FSH in the boar. Results suggest that the differences in spermatogenic and steroidogenic functions in testes of the HTW and LTW boars were too small to reflect differences in serum FSH concentrations.
The patterns of hormone concentrations observed in the present study were similar to previous reports. A significant elevation in LH concentrations occurred between 12 and 18 wk of age. FlorCruz and Lapwood (1978) reported that a significant elevation of LH occurred between 12 and 22 wk of age and that levels were maximum at 16 wk. However, Romanowicz et al. (1976) and Allrich et al. (1982) did not observe significant elevations in LH concentrations during this period. Serum LH during pubertal development may be partially responsible for growth of the testes and for increasing T concentrations. Pubertal rises in LH occurred before the period of most rapid testicular development in rams (Land and Cart, 1979) , Observed slgmficance level for difference between line means at each age.
~'P<.IO.
rats (Slob et al., 1980) , bulls (Lacroix and Pelletier, 1979; McCarthy et al., 1979) and humans (August et al., 1972) . Concentrations of FSH increased rapidly from 70 to 112 d of age, with most of the increase occurring between 84 and 98 d. Abrupt increases in FSH concentrations have been found in the rat immediately before the onset of spermatogenesis (Payne et al., 1977) . In human males, FSH levels increased slowly from 6 to 12 yr of age and rapid increases occurred from 12 to 17 yr (Faimen and Winter, 1974) .
Follicle-stimulating hormone has been implicated in the control of Leydig cell function because FSH increased testicular responsiveness to LH in immature rats and increased the number of LH receptors/testis (Sizonenko et al., 1977; Bartke et al., 1978) . Also, FSH is involved at the Sertoli cell in the synthesis of E2 from T (Dorrington et al., 1978) . With respect to these postulated functions, it is interesting that T, E2 and FSH had parallel changes with respect to age in this study. Leydig cell maturation of boar testes coincides with the observed rise in FSH concentrations. Berardinelli et al. (1982) evaluated boars from 40 to 250 d of age and found specific binding of [12s I-] hCG expressed/gram tissue weight was maximum at 100 d of age. The greatest T production capacity occurred at 160 d of age.
Concentrations of T increased with age in the present study. This pattern is similar to that previously reported (Andresen, 1976; Romanowicz et al., 1976; FlorCruz and Lapwood, 1978; Allrich et al., 1982) . This increase in T was likely caused by the pubertal rise in LH and(or) greater responsiveness of the testis to gonadotropin during this time period.
Concentrations of E~ fluctuated from 42 to 84 d of age and increased in a linear fashion thereafter. Allrich et al. (1982) found a similar pattern for E2 concentrations.
The results suggest that testis size in boars will respond to selection and that genetic changes in testis size may be related to differences in male endocrine function. As originally suggested by Land (1973) , selection for testis size may also lead to changes in female endocrine function and reproductive performance.
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